diseases Parkinson's disease (PD) and amyotrophic lateral sclerosis (ALS or Lou Gehrig's disease) are the most important of the movement disorders from a proteostasis perspective. ALS is often classified separately, as a motor neuron disease, but there are a number of reasons for considering them together, of which perhaps the most important is that the two sometimes present together, as in the Parkinsonism-dementia complex of Guam (Lytico-bodig) . This movement disorder occurs among the Chamorro populations of Guam and the Mariana Islands and is frequently accompanied by a motor neuron disease resembling ALS. The course of the disease is rapid, with death typically occurring within 5 years (Steele 2005) .
PD is the second most common neurodegenerative disease after Alzheimer's disease (AD); estimates of prevalence range to over one million in the U.S. Although ALS is considered a so-called "orphan disease" because of its relatively low prevalence (around 30,000 cases in the United States), the annual incidence of ALS is actually closer to that of Parkinson's: 6000 for ALS versus 60,000 for PD in the United States; the much lower prevalence of ALS is because of its rapid progression to mortality (typically 3-4 years postdiagnosis versus 20 years for PD). The major symptoms of both diseases arise from the degeneration of particularclasses of neurons: the dopaminergic neurons of the substantia nigra pars compacta in the case of PD and the spinal motor neurons in the case of ALS. However, it is now clear that other neurons are also affected in both diseases, and there are even suggestions that PD may start in the brain stem or elsewhere in the CNS and spread to the nigral neurons by, perhaps, noncell autonomous processes (Ilieva et al. 2009 ).
An interesting commonality between the two disorders is that about 10% of all cases of PD and ALS are genetic, and run in families with strict Mendelian inheritance (the remaining 90% are termed sporadic and idiopathic, although some genetic and environmental risk factors have been identified (Shulman et al. 2011; Bosco and Landers 2010) . The genetics of these rarer familial forms, some of which present with significantly earlier age of onset than the sporadic disease, have provided a rich source of information on the pathways and processes that may be involved. Some of these data suggest that dysregulation of proteostasis of particular proteins may be responsible for the initiation and/or progression of these diseases.
The other reason both ALS and PD are of interest to researchers in proteostasis is that the histopathological hallmarks of both diseases are usually (but not always) dense intraneuronal deposits of apparently misfolded protein, called Lewy bodies in PD and Bunina bodies in ALS. Although there is some evidence that the aggregates may have a defined supramolecular structure, and certainly contain more than one type of protein, in these movement disorders it is generally thought that the primary component of the aggregate is a single protein that has aberrantly adopted an amyloid-like fold (Lashuel and Lansbury 2006) . Lewy bodies appear to comprise amyloid fibrils of a small protein called a-synuclein (Uversky and Eliezer 2009) . Bunina bodies are eosinphilic inclusions that contain Cystatin C. Other types of aggregates detected in ALS include cytosolic inclusions containing TDP-43 (Neumann et al. 2006) , which are prominent in most sporadic ALS cases, and aggregates containing the enzyme superoxide dismutase 1 (SOD1) in both familial ALS cases harboring SOD1 mutations (Brujin et al. 1998 ) and some cases of sporadic ALS (Forsberg et al. 2010) .
It is not clear in any neurodegenerative disease whether macroscopic protein aggregates are the actual causes of cell death or an attempt by the cell to sequester damaged or useless macromolecules (Caughey and Lansbury 2003) . If the former, then prevention of the formation of such aggregates or breaking them up once they have formed are possible therapeutic strategies, and both could be accomplished in theory by altered regulation of proteostasis pathways (chaperones, proteasomes, autophagy, etc.) . However, if the aggregates are harmless or protective, then attempts to alter them might actually result in an increase in the true pathological species, and the current dogma is that the macroscopic aggregates are more likely protective than toxic. This would suggest that proteostasis strategies aimed at stabilizing the nonpathologic, physiological form(s) of the misfolded protein (pharmacological chaperones, inhibition of covalent modifications that destabilize the protein, etc.) need to be considered and perhaps emphasized.
In the following sections, we will review the evidence that links dysfunction in the proteostasis of certain proteins to the pathology of ALS and PD. Recent data support the notion that at least most forms of Parkinson's disease may be amenable to therapeutic strategies aimed at proteostasis of a-synuclein or proteins called parkin or LRRK2, while the situation with ALS is still far from clear.
PARKINSON'S DISEASE
As mentioned above, 10% of PD cases are genetic. Depending on the genes involved, they may be inherited in either an autosomal dominant or recessive manner. In only some instances has postmortem examination been possible; so for many of the PD-associated genes, we do not yet know whether Lewy bodies containing aggregated a-synuclein are present. As we shall see, this point is of considerable significance.
a-Synuclein
Autosomal dominant PD of the PARK1 form is caused by mutations in the SNCA gene encoding a-synuclein (Polymeropoulos et al. 1997) , the principal protein component of Lewy bodies. In neurons, a-synuclein is abundant in the presynaptic nerve terminal, and can be isolated both as a soluble and vesicle-associated molecule (Surguchov 2008) . It is normally amino-terminally acetylated, and in vivo, there is often phosphorylation on Ser 87 and 129 . Its biochemical and cellular functions are still uncertain, although recent evidence suggests that it may play a role in SNARE-mediated vesicle fusion (Burré et al. 2010) .
Most literature references describe a-synuclein as a monomeric protein of 140 amino acids that is natively unfolded, readily forms amyloid-like aggregates, and is toxic to cell membranes (e.g., Uversky and Eliezer 2009) . Careful assessment of the evidence for these statements confirms that the protein indeed comprises 140 amino acids. The idea that it is natively unfolded is based primarily on experiments in which the protein has been treated harshly during purification; examination of the sequence by bioinformatics tools predicts that much of the protein should be structured (J Sussman, pers. comm.). a-Synuclein makes up about 1% of the total protein in a neuron, which also calls into question the notion that it has no persistent secondary or tertiary structure in vivo. In this discussion, we shall assume that there is a native, partially folded, nonpathological form of a-synuclein in the cell, and that mutations and posttranslational modifications shift a dynamic, context-dependent equilibrium between that state and an aggregationprone form in favor of the latter. This is an important assumption, because it opens up a range of possible therapeutic approaches based on proteostasis considerations that would be unavailable if a-synuclein really were unstructured in its native state.
a-Synuclein Variants
Three PD-associated point mutations in a-synuclein have been identified thus far: A30P, A53T, and E46K. All present with autosomal dominant inheritance. The first two replace the strongest helix-forming amino acid, alanine, with a helixbreaking or b-sheet-forming residue, suggesting that they may simply increase the intrinsic b-sheet propensity of the amino-terminal portion of the a-synuclein sequence. The structural or functional consequences of the E46K mutation are harder to predict; one would not necessarily assume such a substitution to be of catastrophic consequence in a natively unfolded protein, so its disease association is one more suggestion that a-synuclein may be a structured protein in the cell.
The fact that a-synuclein is the major protein in Lewy bodies and that mutations in its gene give rise to inherited PD immediately suggested that a-synuclein aggregation might be the molecular cause of most forms of Parkinson's disease. Consistent with this notion, mutant forms of a-synuclein are toxic to neurons when overexpressed (Kahle et al. 2000) , although frequently it is necessary to supply additional stress in the form of, for example, chemical inhibitors of mitochondrial complex I for full toxicity to develop (e.g., Schneider et al. 2007) . Although overexpression of mutant or wild-type a-synuclein produces striking toxic phenotypes in simple model organisms (e.g., Outeiro and Lindquist 2003) , finding evidence that the protein is involved in neurodegeneration in higher animals has been more difficult. The loss of nigral dopaminergic neurons is rarely observed in synuclein transgenic mice (Schneider et al. 2007 ). A rat model for PD that recapitulates some of the histopathology of the disease, including Lewy body-like inclusions, requires considerable overexpression using lentivirus or adeno-associated virus vectors (Schneider et al. 2008) . The a-synuclein misfolding/aggregation hypothesis for the etiology of PD has received perhaps its strongest support from human genetics, namely the discovery of families with inherited, early-onset Parkinson's disease caused by duplications and triplications of the wild-type a-synuclein locus (Ross et al. 2008 ).
a-Synuclein Misfolding and Aggregation a-Synuclein knockout mice lack a major disease-resembling phenotype, consistent with the notion of a toxic gain of function from misfolded a-synuclein rather than a loss of normal function as the major factor in neuronal cell death (Abeliovich et al. 2000) . Overexpression of mutant a-synuclein does produce neurologic defects in mice and rats, but none of these models recapitulate the full panoply of PD phenotypes. In particular, it has proven remarkably difficult to observe either Lewy body-like inclusions or nigral degeneration in many models, and in most cases massive overdriving of synuclein expression or additional stresses are required to see any effects (Dawson et al. 2010) . Cell culture models and studies of a-synuclein in vitro have met with more success, and much of what is currently assumed about the disease process in people is extrapolated from these. It is thought that neurodegeneration arises from the formation of toxic misfolded oligomers of a-synuclein that may exert their toxic effects by disrupting cell membranes such as those of the mitochondria. a-Synuclein proteostasis depends on both the ubiquitin-proteasome and lysosomal pathways of protein turnover, so disruption of either of these pathways by, e.g., proteasome inhibitors and lysosomal storage diseases, might be expected to lead to increased accumulation of a-synuclein and eventually to the formation of a-synuclein aggregates (Lopez and Sidransky 2010; Vernon et al. 2011) . The role of the large Lewy body aggregates is controversial. Though their amyloid nature is not in doubt, whether they are protective or harmful to cells is not established; nor is the question of whether the toxic oligomeric species (assuming they exist) are on the pathway to Lewy body formation answered. Then there is the issue of reversibility. If the fibrils can be disaggregated, what species are formed? Are the aggregates in equilibrium with misfolded monomers or toxic b-sheet-containing oligomers, or can they give rise to properly folded, functional a-synuclein? Clearly, approaches to PD treatment aimed at a-synuclein proteostasis would greatly benefit from clarity here.
Posttranslational Modifications of a-Synuclein
In vitro, a-synuclein forms amyloid fibrils rather slowly, so efforts have been made to identify factors that might accelerate this process. Oxidation, metal ion binding, and partial proteolytic cleavage have all been found to promote aggregation of the wild-type protein (Fink 2006) . Forms of a-synuclein that aggregate more readily have the remarkable property of being able to accelerate the conversion of unmodified, wild-type a-synuclein into an amyloid-like state (Murray et al. 2003; Li et al. 2005; Dufty et al. 2007) .
Encouraging for models of PD etiology based on a-synuclein misfolding is the fact that most of these in vitro perturbations can be linked to known causes of, or risk factors for, the disease in people. a-Synuclein mutants are less stable than wild-type protein to b-sheet formation and aggregation; the same mutations cause familial PD (Q Hoang, pers. comm.). Overexpression of wild-type a-synuclein is toxic to yeast, and gene duplication and triplication of the wild-type SNCA locus leads to inherited Parkinson's (Outeiro and Lindquist 2003) . Oxidation of a-synuclein promotes its misfolding and aggregation; oxidative stress, especially by mitochondrial toxins, is a known risk factor for PD and can induce PD-like motor neuron defects in mice and primates, sometimes in the absence of a-synuclein mutations or overexpression (Dawson et al. 2010 ). Finally, carboxyterminally truncated fragments of a-synuclein are found in Lewy bodies (Murray et al. 2003) , and the same truncated protein aggregates rapidly in vitro, and can catalyze conversion of fulllength a-synuclein to amyloid. The protease(s) responsible for these truncations has/have yet to be identified, but if a-synuclein fragmentation is, for example, an initiating or accelerating event in PD, these enzymes could be extremely attractive drug targets.
The role of other posttranslational modifications of a-synuclein in PD has not been established. In mammalian cells and when ectopically expressed in yeast, a-synuclein is amino-terminally acetylated; bacterially expressed recombinant a-synuclein, which is what has been used for most in vitro experiments, is not. Given the sensitivity of a-synuclein to even small perturbations in sequence and structure, it is important to determine whether this difference is significant for PD etiology. Another difference between recombinant and natural a-synuclein is phosphorylation. Lashuel and coworkers have shown that serine 87 and serine 129 are phosphorylated to a considerable extent in a-synuclein isolated from brain (Paleologou et al. 2010) . The levels of S87-P are increased in brains of transgenic models of synucleinopathies and human brains from Alzheimer disease, Lewy body disease, and multiple system atrophy patients-all diseases in which synuclein aggregation has been observed-compared with normal controls. In brain homogenates from diseased human brains and transgenic animals, the majority of S87-P was detected in the membrane fractions. A battery of biophysical methods was used to dissect the effect of S87 phosphorylation on the structure, aggregation, and membranebinding properties of monomeric a-synuclein; these showed that phosphorylation at S87 increases the protein's conformational flexibility and blocks its fibrillization in vitro. Furthermore, phosphorylation at S87, but not S129, resulted in significant reduction of a-synuclein binding to membranes (Paleologou et al. 2010) . How these effects correlate with a-synuclein homeostasis and with disease pathology in the various synucleinopathies remains to be determined, but therapeutic strategies aimed at manipulating the posttranslational modifications of a-synuclein would appear to be an underconsidered approach.
Parkin
Autosomal recessive mutations within the PARK2 locus are the most common cause of autosomal recessive Parkinson's disease, and are perhaps second only to mutations in LRRK2 (see below) as contributors to the familial forms of PD (Kitada et al. 1998; Hatano et al. 2009; Dachsel and Farrer 2010) . The PARK2 gene encodes a 465 amino acid ubiquitin E3 ligase named parkin (Shimura et al. 2000) . Parkin belongs to the RING (really interesting new gene) family of E3 ligases and possesses a RING1, in-between-RING, and RING2 architecture within the carboxy-terminal half of the protein. A novel feature of parkin is the existence of a ubiquitin-like domain within its amino terminus, which is not commonly found within E3 ligases (thus, the importance or role of this ubiquitin-like domain has been the subject of much speculation). Because parkin clearly functions in the ubiquitin-mediated pathway of protein degradation, it provides a direct link between this proteostasis pathway and at least one genetic form of PD. A second property of parkin that may be particularly relevant to proteostasis is the unusually high number of cysteine residues within the protein. Parkin contains 35 cysteines, which constitute almost 8% of the protein. Cysteines are subject to a diverse array of posttranslational modifications and this particular aspect of parkin biochemistry has received a great deal of attention from the research community, as will be addressed in detail below.
The Impact of Disease-Linked Truncations and Mutations on Parkin Stability
The clinical mutations in Parkin associated with disease span from genomic deletions to premature truncations and subtle missense mutations in the coding sequence. For this reason, it has been widely accepted that the pathogenicity of these PARK2 mutations derives from a critical loss-of-function. Despite the predicted loss of E3 ligase activity of these parkin mutants, biochemical evidence of parkin E3 ligase activity and the impact of parkin deficiency has been notoriously difficult to establish. Although numerous putative substrates have been reported, many have failed to withstand independent confirmation. The lack of well-founded substrates has also made it difficult to examine the degree to which each mutation alters activity, precluding an analysis of the correlation between the biochemical impact of a given parkin mutation and the severity of the resultant disease in patients. Nonetheless, there have been many valuable observations made regarding the novel PD-associated parkin variants.
Many of the PD-linked mutations in parkin show reduced E3 ligase activity against putative substrates, but at the same time some of the hypomorphic PD-associated variants may show either normal levels of auto-ubiquitination or even enhanced self-ubiquitination (Sriram et al. 2005; Hampe et al. 2006; Matsuda et al. 2006) . Differential effects on the association of the E3 ligase with substrate also have been observed, consistent with data on other E3 ligases in which catalytically inactive E3 ligase mutants bind substrate more avidly than the wild-type protein (Qiu and Goldberg 2002) . These effects are likely attributed to a reduced catalysis or off-rate from the defective enzyme.
Pathogenic parkin mutations can be found throughout the coding sequence of the protein, not segregated to a single domain. Therefore, there must be multiple mechanisms through which sequence variation can inactivate parkin. Work from several groups has now established the model whereby several of the disease-linked mutations abrogate parkin function through a destabilization of the protein within the cellular environment. It was first shown by the Winklhofer group that the pathogenic W453X carboxy-terminal truncation of parkin was associated with reduced solubility in a variety of cell types (Winklhofer et al. 2003) . Further work examined many other PD-linked variants, and reported complementary findings but also extended these observations to include aberrant localization of disease-linked parkin (Sriram et al. 2005) or cytoplasmic aggregation (Henn et al. 2005) . Other findings included the enhanced proteasomal degradation of mutant parkin as a mechanism for inactivating some parkin species (Henn et al. 2005; Schlehe et al. 2008 ) as well.
Stress-Induced Parkin Misfolding and Aggregation
Thus, the subtle pathogenic mutations in parkin can promote the misfolding and aggregation of the protein. However, this is not only true of mutant parkin but is also an important aspect of the protein biochemistry of wild-type parkin. Exposure to oxidative stress can rapidly induce the transition of wild-type parkin from a detergent soluble fraction into an insoluble state (Winklhofer et al. 2003; LaVoie et al. 2007 ), a property of the protein likely linked to its high number of cysteine residues. Not only does direct oxidant exposure (hydrogen peroxide) foster a disruption in parkin solubility, but a variety of cellular stressors can promote the insoluble aggregation of parkin in propagated cell lines (LaVoie et al. 2005 (LaVoie et al. , 2007 Wang et al. 2005) and primary cultured neurons (LaVoie et al. 2007 ). This effect is not limited to chemical-induced stress but rather includes the overexpression of a-synuclein (Kawahara et al. 2008) . Our data suggested that the aggregation and insolubility of parkin was associated with intermolecular cross-linking and oligomerization of parkin via disulphide bonds (LaVoie et al. 2007) , again consistent with a role for cysteine in the sensitivity of parkin. Evidence from one of our groups and others indicates that parkin is uniquely sensitive to the conditions of the intracellular environment, as other E3 ligases appear far more resistant to stress-induced misfolding (Wang et al. 2005; LaVoie et al. 2007; Schlehe et al. 2008) , as are other gene products implicated in PD (LaVoie et al. 2005 (LaVoie et al. , 2007 . Consistent with these observations of stress-induced aggregation, it has also been reported that parkin solubility decreases with age in the human brain (Pawlyk et al. 2003) , which may be particularly relevant to this age-related neurodegenerative disorder.
Posttranslational Modifications that Inactivate Parkin
The reports summarized above raise the intriguing possibility that idiopathic PD pathogenesis or disease risk may arise by processes whereby neuronal stress might inactivate parkin via insolubility and aggregation. As a biochemical phenocopy of PARK2-associated familial PD, a severe loss of active, soluble parkin could compromise the viability of nigral neurons in the sporadic disease.
The one problem with this model is that Lewy bodies have generally not been observed in PARK2-associated familial PD brains, whereas they are almost always present to some extent in postmortem analyses of sporadic PD patients. No biochemical or genetic evidence has yet conclusively tied parkin into a-synuclein aggregation, raising the possibility that neither protein is the direct cause of any form of PD, but that each may act independently through either the same or different downstream initiators of cell death. Of course, the other possibility is that macroscopic a-synuclein aggregates are not involved in pathogenesis, and that loss of parkin function causes disease by producing whatever the actual toxic a-synuclein species is.
In addition to a dramatic shift in the solubility of cellular parkin, other studies have pointed to more direct attacks on the parkin protein that might contribute to disease. Two independent groups showed that not only was parkin vulnerable to S-nitrosylation and that this biochemical modification inactivated the E3 ligase function of parkin, but both studies reported a disease-specific increase in nitrosylated parkin in PD brain (Chung et al. 2004; Yao et al. 2004 ). The sources of nitric oxide that mediate this effect are not yet known, but may be part of an early pathogenic mechanism or part of a secondary series of events associated with neuroinflammation. Nonetheless, these valuable findings from PD brain tissue provided novel insight into the protein biochemistry that occurs in the course of PD and support the pathophysiological relevance of wild-type parkin dysfunction in idiopathic disease.
As discussed earlier, the cells susceptible to the selective degeneration in PD include the dopaminergic neurons of the substantia nigra (black substance), thusly named because of the age-dependent accumulation of oxidized dopamine and other molecules that make up the dark-colored deposits of neuromelanin. Dopamine is used throughout the animal kingdom as a neurotransmitter. However, the chemical nature of dopamine imparts it with a unique propensity to auto-oxidize and, in the process, both generate free radicals and produce the highly reactive dopamine quinone (Graham 1978) . Dopamine quinone is capable of covalently modifying cysteine residues of proteins in an irreversible manner and has been associated with selective neurotoxicity and protein modification in animal models of PD pathology (Hastings et al. 1996; LaVoie and Hastings 1999) . Because the neurons that synthesize dopamine require parkin activity for their survival, whether the neurotransmitter dopamine itself might inactivate parkin's catalytic activity, and thus explain part of the intrinsic vulnerability of these cells, has been investigated. The results showed that exposure to elevated cytoplasmic dopamine induced the aggregation and insolubility of parkin in cell culture (LaVoie et al. 2005) . The dopamine quinone, well known for its reactivity toward the free thiols in cysteine, was found to covalently attack the parkin protein, and this novel posttranslational modification resulted in the inactivation of parkin E3 ligase activity (LaVoie et al. 2005) . The same workers then explored the intact substantia nigra from normal adult human brain to determine whether parkin was covalently modified in vivo. Data confirmed the selective covalent attack on parkin by dopamine in the substantia nigra, but not other brain regions (LaVoie et al. 2005) . These data suggest that factors that influence the synthesis, storage, release, and/or uptake of the neurotransmitter dopamine may influence the risk for idiopathic PD via the modification and inactivation of parkin (Cookson 2005) , as well as other potential targets of dopamine-induced modification (van Laar et al. 2008 (van Laar et al. , 2009 ). Likewise, another posttranslational modification of parkin has been recently reported in a related neurodegenerative disease model (Moszczynska and Yamamoto 2011) , and others may soon be discovered as well.
Postmortem Evaluation of Parkin Solubility
Several lines of evidence suggest that the stability of parkin is fragile. Very minor fluctuations within the parkin sequence or the intracellular environment where parkin is expressed can have profound effects on the solubility and activity of the protein. However, many of the studies reviewed here have made exclusive use of cell culture conditions to explore the stability and solubility of parkin, raising the question of whether parkin solubility is an issue within the normal or diseased human brain. Notably, three studies have explored postmortem human brain, and all three reports have found evidence of pathologic changes in parkin solubility in the neurologic disease samples. Two of these studies reported increased levels of insoluble parkin in PD brain tissue, compared to controls (LaVoie et al. 2005; Wang et al. 2005) , whereas the third found that parkin was elevated in the insoluble fraction of brains taken from patients with diffuse Lewy body disease (Kawahara et al. 2008) , indicating that parkin solubility is affected in human neurologic disease and providing the most tantalizing (albeit indirect) evidence for some link between parkin and a-synuclein. Interestingly, the translocation of parkin from a soluble to insoluble state has also been reported in a rodent model of stroke (Mengesdorf et al. 2002) , as well, and is therefore not limited to human neurodegenerative disorders. Figure 1 . Schematic of the protein sequence of human a-synuclein, showing various domains. Human a-synuclein is a small protein whose amino acid sequence is often thought of as comprising three domains: an amino-terminal region that is the site of the three known point mutations that cause autosomal dominant, familial PD (yellow); the so-called nonamyloid component (black), which, paradoxically, is required for the formation of a-synuclein amyloid fibrils; and the acidic carboxy-terminal domain (red), which is thought to be disordered in all forms of a-synuclein. Cleavage of approximately the last 20 residues of this region produces a truncated protein that aggregates much more readily than the full-length molecule, suggesting that at least one function of the disordered third of the sequence is to hinder aggregation. Although a-synuclein is widely believed to be a natively unfolded protein except when bound to membranes (where the first 95 residues are believed to become helical), analysis of the sequence by methods designed to detect intrinsically unfolded proteins predicts that only the last 40 residues of a-synuclein have no propensity to fold (J Sussman, pers. comm.). Interestingly, the first 100 residues of the sequence contain a mixture of both helix-favoring and b-sheet-forming residues, which may explain the ability of this protein to adopt the cross-b structure of an amyloid when perturbed. In summary, autosomal recessive mutations in parkin are responsible for a subset of the familial cases of PD. These data inform us that parkin serves a critical neuronal function and that its proteostasis is absolutely essential to the dopaminergic neurons of the ventral midbrain. However, there is substantial biochemical and histopathological evidence that the solubility of parkin is fragile, and that subtle perturbations within the brain may alter levels of parkin available to the neuron for support. These challenges may include mitochondrial damage, ischemic insult, external oxidative stress, or combinations of these and others (Fig. 2) . Therefore, a deeper understanding of what function is served by parkin within the brain, and precisely why this protein is uniquely essential for the survival of the neurons within the substantia nigra, might point to alternative therapeutics to replace or augment parkin function in the aging or compromised brain, or in idiopathic PD. Discovery of a direct tie-in between parkin and a-synuclein, if one exists, would also help unify models for PD initiation and progression, and possibly lead to more general PD therapeutic strategies.
LRRK2 in Sporadic and Familial PD
Mutations in leucine-rich repeat kinase-2 (LRRK2) are most common genetic cause of PD and are extremely important because they are found in both familial forms of the disease as well as in patients without a recognized family history of the disorder (Dachsel et al. 2010) . LRRK2 is an enormous protein kinase comprising a small GTPase domain and several different kinds of putative protein -protein interaction domains in addition to a canonical protein kinase domain. Similar to parkin, the pathogenic mutations in LRRK2 can be found within multiple domains of the protein, but the most commonly studied mutations are either found within the ROC/COR module (containing the GTPase domain) or within the kinase domain. These mutations are autosomal dominant, leading many researchers to suggest that mutant LRRK2 acquires a toxic gain of function. It is uncertain at present whether this gain of function would express its toxicity through downstream misfolding and aggregation of a-synuclein, although a recent paper shows that loss of LRRK2 causes accumulation of a-synuclein, and increases autophagy and cell death in kidneys of aged mice . These data may indicate LRRK2 mutations could cause loss of function through a dominant negative mechanism, with downstream toxicity mediated via a-synuclein. However, because the effect was seen specifically in the kidneys and not in the brain, the relevance of these findings for PD are uncertain. Even more intriguing, perhaps is the recent observation that LRRK2 knockout mice are somewhat resistant to MPTP toxicity, a result that phenocopies the knockout of synuclein (AndresMateos et al. 2009 ), increasing the likelihood of a connection between these two PD-associated genes.
If the toxic gain of function of LRRK2 is related to increases in either its GTPase or kinase activities, then inhibition of the enzyme may represent a straightforward therapeutic approach for forms of PD whose etiology are dependent on this protein. Early biochemical studies suggested that the pathogenic mutations within LRRK2 might be more prone to aggregation and that the aggregation and toxicity of mutant LRRK2 were dependent on its kinase activity (Greggio et al. 2006) . When LRRK2 was examined to determine whether cellular stress would have influences on LRRK2 solubility similar to those found for parkin, no evidence of stress-induced changes in LRRK2 was found (M LaVoie, unpubl.). However, ongoing studies have focused more attention on the importance of localization (Biskup et al. 2006; Higashi et al. 2007 ), dimerization (Greggio et al. 2008; Sen et al. 2009) , and the possibility that these properties are intertwined (Berger et al. 2010) . Other work has also focused on the potential association of LRRK2 with other proteins (Ho et al. 2009; Nichols et al. 2010) , and these studies may ultimately speak to its neuronal function (still unknown) or how its function is altered by its pathogenic mutations. The biochemistry and cell biology of the LRRK2 protein is still in its infancy as substrates, activators, and the regulation of LRRK2 kinase function are all challenges that need attention. Despite current efforts aimed at these properties, the determinants of LRRK2 stability may turn out to be critical to its function and role in disease as well. LRRK2 is a very large protein (2527 amino acids) with a complex organization. The very fact that LRRK2 protein levels are quite low in the brain alone might suggest that changes in LRRK2 localization, stability, and solubility may be burdensome to the neuron. Given the growing interest in the pathological implications of neuronal proteostasis, this is an issue that will likely be addressed in a major way in the near future.
Other PD-Associated Genes
Three other genes have been linked to familial PD by human genetics: PINK1, UCH-L1, and DJ-1. We do not attempt to review them exhaustively here, but rather consider them briefly from the framework of a general model for PD as a disease of a-synuclein proteostasis (Fig. 3) . PINK1 is a putative protein kinase that appears to reside predominantly in the mitochondria (Deas et al. 2009 ). Autosomal recessive mutations presumably leading to loss of function in PINK1 lead to familial PD. PINK1 has proven remarkably refractory to biochemical studies, and its physiological substrates are not known definitively. There is emerging evidence that it plays a role in mitochondrial quality control, possibly by targeting defective mitochondria for autophagy (see Chu 2010) . It is unclear whether PINK1 exerts its Parkinson's effects through the promotion of a-synuclein aggregation, but given its mitochondrial localization and the fact that many mitochondrial poisons do induce a-synuclein aggregation in cell culture and animal models of PD, a synuclein connection would not be surprising.
UCH-L1 might be expected to be involved in a-synuclein proteostasis, as it is a ubiquitin carboxy-terminal hydrolase and so in principle it could directly affect a-synuclein levels in the cell, but there are a number of problems with this scenario. First, PD associated with mutations in UCH-L1 has only been reported in a single German family, and the possibility that a different polymorphism in the UCH-L1 gene might confer protection against PD has frequently been disputed (Wang et al. 2011) . Only one of the two PD-associated variants has a significant effect on the protein (Andersson et al. 2011 ). Second, a-synuclein does not appear to be a substrate for UCH-L1. Third, the biochemical function of UCH-L1 is uncertain. Under some conditions, it can be shown to have E2-independent ubiquitin-E3-ligase activity, the opposite of what its sequence similarity to other ubiquitin carboxy-terminal hydrolases might lead one to expect (Liu et al. 2002) . An interesting possibility is that UCH-L1 might actually be a ubiquitin-editing enzyme, removing ubiquitin from some sites and Figure 3 . A pathway for Parkinson's. A possibly fictitious attempt to fit the known environmental and genetic factors associated with sporadic and familial PD into a common pathological pathway involving a-synuclein proteostasis. Many parts of this diagram are hypothetical, and it is predicated on the assumption that there is a nonpathological, folded form of synuclein that must be unfolded before aggregation can commence. Further, it is assumed that Lewy body formation is off the pathway of toxicity, but this is far from certain. The direct connection between organelle dysfunction/damage and cell death is purely speculative. The pathway is intended to provide a framework for thinking about therapeutic strategies based on proteostasis, but it should be taken with more than just a pinch of salt.
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Cite this article as Cold Spring Harb Perspect Biol 2011;3:a007500 then attaching ubiquitin at others, thereby changing the subcellular location and/or halflife of its target proteins (Bheda et al. 2010 ). However, UCH-L1 has rather low catalytic activity in vitro, and it makes up about 1% of the protein in a neuron, so there is some doubt as to whether it even functions as an enzyme in vivo. The only certainty is that UCH-L1 does seem to have a generally neuroprotective effect, as its overexpression partially restores learning and memory in animal models of Alzheimer disease, suggesting that efforts to increase its steady-state levels in PD brain may be worthwhile (Gong and Lesnik 2007) .
DJ-1 was originally discovered simultaneously as a possible oncoprotein in humans and a stress-response protein in yeast. Its crystal structure shows a conserved potential catalytic site that resembles those of the cysteine proteases, but no proteolytic activity has ever been convincingly shown (Wilson et al. 2003) . The "active site" cysteine is readily oxidized in vitro and in vivo (Wilson 2011) , and oxidation appears to change the subcellular localization of the protein, sending it from the cytoplasm to the mitochondria, and the modification is required for its one established biochemical function: mitochondrial DJ-1 protects a variety of cells from oxidative stress (Canet-Avilés et al. 2001) . DJ-1-associated familial cases of PD all present as autosomal recessive, implying that the disease is caused by a loss of this protective function, and structural and biochemical studies of the mutants by Wilson and associates are consistent with this hypothesis (Lakshminarasimhan et al. 2008) . Because oxidation appears to increase the tendency of a-synuclein to misfold and aggregate (Fink 2006) , a direct connection between DJ-1 and a-synuclein is not hard to envision. However, Lewy bodies have not been observed in DJ-1 knockout mice. Of course, if the actual neurotoxic species of a-synuclein is some small oligomer rather than the macroscopic aggregates, as increasingly seems likely, Lewy body formation may not be a good indication of a link between any other gene and a-synuclein pathology in PD. One report that DJ-1 can act as a chaperone to suppress the formation of a-synuclein amyloid fibrils in vitro is intriguing (Zhou et al. 2006) , but the relevance of these observations to the in vivo function of DJ-1 is unclear. Figure 3 shows an attempt to link all these various genetic and environmental factors into a single model of PD etiology that ultimately funnels through the formation of some cytotoxic species of a-synuclein. Although we cheerfully acknowledge that much of this model is so speculative as to border on the imaginary, it is meant to provide a framework for thinking about the disease from a proteostasis perspective. If it is correct even in part, then it suggests that two strategies not yet widely pursued should be added to the current approaches to treating this disorder: stabilization of the putative native state of a-synuclein, and inhibition of the covalent changes to that protein that promote its destabilization. The model also lends support to efforts to bypass synuclein toxicity by activating protective pathways, especially those aimed at mitochondrial stress and disruption of proteasome and lysosome function.
AMYOTROPHIC LATERAL SCLEROSIS (LOU GEHRIG'S DISEASE)
As mentioned above, although only 1/40th as many people are believed to suffer from ALS as from Parkinson's disease, their incidence actually only differs about 10-fold because of the rapid progression of the former to mortality. The aggressiveness of ALS actually makes this disease a better candidate for proteostasis approaches in principle, because clinical trials are much easier to design and the outcomes are easier to measure. Thus, it is important to establish whether ALS is in fact a disease that can be treated by strategies based on proteostasis. As we shall see, there are suggestions that it may be, but the issue is far from settled and any such approaches may require thinking about proteostasis in new ways.
SOD1 in Familial ALS
Mutations in the gene encoding Cu,Zn superoxide dismutase-1 (SOD1) were the first genetic link to familial, or inherited, forms of amyotrophic lateral sclerosis (FALS) (Rosen et al. 1993 ).
Since then, more than 150 autosomal dominant mutations have been identified in this gene (http://alsod.iop.kcl.ac.uk/), which collectively account for 20%-25% of FALS cases and represent the most common factor associated with FALS (Bosco and Landers 2010) . SOD1 is a 32 kDa homodimeric protein (Fig. 4) . The normal posttranslational modifications of each SOD1 subunit include amino-terminal acetylation; coordination of a copper atom that confers the enzymatic antioxidizing activity; and coordination of a Zn atom and formation of an intrasubunit disulfide bond between Cys57 and Cys146, both of which are important for maintaining structural integrity of the protein .
ALS-linked mutations in SOD1 typically do not induce a loss of normal antioxidizing activity. In fact, many SOD1 mutants retain significant levels of enzymatic activity in cell and animal models (Borchelt et al. 1994; Gurney et al. 1994) . Most evidence indicates that SOD1 mutants misfold and subsequently acquire a gain of toxic function. However, the biochemical nature of the misfolded species (e.g., soluble dimers, oligomers, or insoluble aggregates) is controversial . Moreover, the aggregation of mutant-SOD1 in vitro has not consistently correlated with ALS pathogenesis in vivo (Wang et al. 2008a,b; Prudencio et al. 2009; Vassall et al. 2011) , either because mutant-SOD1 aggregation propensity is not a significant factor in ALS pathogenesis or because the in vitro assays employed do not adequately reflect the aggregation process in vivo. Because multiple cellular processes including axonal transport (Collard et al. 1995; Williamson and Cleveland 1999; Morfini et al. 2009; Bilsland et al. 2010) , mitochondrial function (Magrané et al. 2009; Li et al. 2010; Pedrini et al. 2010) , ER-stress (Nishitoh et al. 2008; Hetz et al. 2009) , and response to oxidative stress (Ferrante et al. 1997; Barber and Shaw 2010) are adversely affected by mutant-SOD1, it is difficult to ascertain which pathways and/or targets of mutant-SOD1 are most significant to the onset of FALS pathogenesis (Rothstein 2009 ). igure 4. Probing for misfolded WT-SOD1 in SALS patient tissues with conformation specific antibodies. The epitopes for a series of six anti-SOD1 conformation-specific antibodies designed to detect misfolded SOD1 are mapped onto the structure of the WT-SOD1 dimer (Protein database, accession #2C9V) (Strange et al. 2006) , where each b-strand is labeled (I-VIII), copper atoms are colored brown, and zinc atoms cyan. The left view of SOD1 has undergone a 908 rotation about the x-axis to generate the right view. Forsberg et al. generated three polyclonal antibodies that epitope mapped to either SOD1 sequences 4 -20, 57 -72, or 131-153 (highlighted in blue, except for residues 143-151 that are highlighted in green); all three antibodies detected aggregated WT-SOD1 in SALS spinal cord tissues (Forsberg et al. 2010) . The monoclonal C4F6 antibody that detected misfolded, soluble WT-SOD1 in SALS spinal cord tissues was epitope mapped to exon 4 (highlighted in red) (Bosco and Landers 2010) . Anti-SOD1 antibodies that failed to detect misfolded SOD1 in SALS tissues include the USOD antibody, which epitope mapped to residues 42 -48 (highlighted in yellow) (Kerman et al. 2010) , and the SEDI antibody, which epitope mapped to 143-151 (highlighted in green) (Liu et al. 2009 ). Note that the SOD1 sequence recognized by SEDI (143-151; green) is encoded within the epitope of the ; blue and green) that detected WT-SOD1 aggregates. Despite the fact that the pathomechanism of mutant-SOD1 in FALS remains elusive, mutant-SOD1 remains the primary target of therapeutic strategies against FALS (Bosco and Landers 2010) . Antisense oligonucleotides effectively reduced the load of intracellular SOD1 protein in vivo, delaying disease onset and/or extending survival in ALS-transgenic rodent models (Ralph et al. 2005; Raoul et al. 2005; Smith et al. 2006) . The observation that intracellular mutant-SOD1 proteins are actively secreted by chromogranins (Urushitani et al. 2006) opened the possibility for immunotherapeutics against extracellular SOD1. Subsequently, both active and passive immunization trials were shown to have a neuroprotective effect in ALStransgenic mice GrosLouis et al. 2010; Takeuchi et al. 2010 ). Both antisense oligonucleotide and immunotherapy strategies against mutant-SOD1 are currently under development for human FALS patients.
A Role for Wild-Type SOD1 in Sporadic ALS
Structural analyses of SOD1 mutants compared to wild-type (WT)-SOD1 have failed to reveal significant mutation-induced alterations to SOD1 tertiary and quaternary structure (Rakhit and Chakrabartty 2006) . These observations suggest that relatively subtle perturbations to the SOD1 protein are sufficient to induce a gain of toxic function related to ALS pathogenesis, or that the pathological species is some minor conformation in equilibrium with the native-like one. Importantly, nongenetic perturbations to the normal posttranslational modifications (described above) of WT-SOD1 also cause the protein to misfold, which has important implications for the sporadic forms of ALS that account for 90% of disease cases. For example, Cu and Zn depletion (Estevez et al. 1999; Durazo et al. 2009 ), Cys57-Cys146 disulfide reduction (Lindberg et al. 2004) , and defective subunit dimerization (Rakhit et al. 2004 ) have all been shown to destabilize and enhance the aggregation propensity of WT-SOD1. In addition, aberrant covalent modifications of WT-SOD1, such as oxidation of amino acid side chains (Rakhit et al. 2002; Ezzi et al. 2007; Bosco et al. 2010a) , also induce the protein to misfold.
Although these studies provide compelling evidence that the WT-SOD protein can misfold in vitro, what are the implications of misfolded WT-SOD1 in SALS in vivo (Bredesen et al. 1997; Kabashi et al. 2007 )? A chemical modification approach applied to extracts of SALS and FALS spinal cord tissues identified a 32kDa species detected by an anti-SOD1 antibody that was present only in SALS and FALS, but not in healthy or other disease controls (Gruzman et al. 2007) . Although these results initially indicated a misfolded SOD1 species that was common to both SALS and FALS, subsequent studies revealed this 32kDa species was in fact carbonic anhydrase I and not SOD1 ).
An alternative approach to chemical labeling for the characterization of misfolded SOD1 species in vivo has been the use of SOD1 conformation-specific antibodies. Misfolded WT-SOD1 was detected in 40% of SALS spinal tissues by immunohistochemistry with the monoclonal C4F6 antibody (Bosco et al. 2010a) , which was generated against the FALS-linked SOD1 G93A mutant ). These data suggest that modified forms of WT-SOD1 associated with SALS in vivo may adopt a similar, misfolded conformation to mutant-SOD1 proteins associated with FALS. This study also shed light onto the functional consequences of WT-SOD1 misfolding; both misfolded WT-SOD1 from SALS tissues and FALS-linked mutant-SOD1 proteins inhibited axonal transport in a squid axoplasm model through activation of the p38 MAPK pathway (Morfini et al. 2009; Bosco et al. 2010a) .
The detection of misfolded WT-SOD1 in SALS tissues was also reported in an independent study that employed different SOD1 conformation-specific antibodies (Forsberg et al. 2010) . Intriguingly, the antibodies reported in this study detected granular inclusions of SOD1, whereas the C4F6 antibody detects soluble misfolded forms of WT-SOD1 (Bosco et al. 2010a) . Two conformation-specific antibodies that failed to detect misfolded SOD1 in SALS tissues include the USOD (unfolded SOD1) antibody and the SEDI (SOD1 exposed dimer interface) antibody (Rakhit et al. 2007; Liu et al. 2009) . The difference in the immunohistochemistry staining between these studies is likely because of the different antibodies used. Although there is some overlap in the epitopes recognized by the antibodies employed by Forsberg et al. (2010) and the SEDI antibody (see sequence highlighted in green in Fig. 4) , none of the epitopes are identical across these studies. Although further investigations are expected to reveal the extent to which WT-SOD1 is involved in SALS, these initial studies show that aberrant SOD1 proteostasis may provide a common link between FALS and SALS. They also raise the possibility of employing the therapeutic strategies highlighted above for FALS to also treat SALS (Bosco et al. 2010a ).
This raises the proteostasis question. How should one stabilize the native, benign fold of SOD1? Strategies involving cross-linking (Ray et al. 2004; Auclair et al. 2010 ) and ligand binding (Ray et al. 2005 ) have all showed promise of stabilizing the dimer in vitro. None has been tried in vivo yet.
ALS as a Disease of RNA Quality Control
Although ALS research was dominated for many years by the apparent connection between SOD1 misfolding and FALS, the recent discovery of two additional genes, mutations which appear to be associated with both familial disease and increased risk for sporadic ALS, has caused a rethinking of the molecular etiology of most forms of the disorder. In contrast to the antioxidant enzymatic activity of SOD1 and its tendency to form pathological aggregates, these two new genes, TDP-43 and FUS/TLS, encode primarily nuclear proteins that function in RNA biology. As we shall see, they not only raise the possibility that ALS is an RNA-based disease, they also suggest that a broader view of the concept of proteostasis may be valuable for developing new approaches to its treatment.
TDP-43
ALS research was turned on its head in 2006 with the report by Trojanowski and Lee and coworkers that inclusions found in sporadic ALS patients contained a single-strand RNA/ DNA-binding protein, TDP-43 (Neumann et al. 2006) . Ubiquitin-positive, tau-, and a-synuclein-negative inclusions are histopathological hallmarks of ALS. Pathologic TDP-43 was hyperphosphorylated, ubiquitinated, and cleaved to generate carboxy-terminal fragments and was recovered only from affected central nervous system regions, including hippocampus, neocortex, and spinal cord. Subsequently, mutations in the TDP-43 gene were shown to cause a significant percentage of FALS cases (reviewed in Chen-Plotkin et al. 2010) .
TDP-43 is a large protein comprising a number of domains, including RNA-binding and putative protein -protein interaction modules (Fig. 5) . TDP-43 is normally localized to the nucleus and its diverse functions appear to include regulation of gene expression and inhibition of mRNA splicing. There is some evidence that it can shuttle to the cytoplasm, at least in small amounts, where it associates with stress granules, punctate bodies that sequester mRNA molecules and ribosomal components, during oxidative stress (Columbrita et al. 2009; Dewey et al. 2011) . Recent data even suggest that one of its functions is to regulate stress granule dynamics via differential regulation of the G3BP and TIA-1 proteins (McDonald et al. 2011) .
In both TDP-43-dependent FALS patients and many SALS patients, TDP-43 appears to be mislocalized to the cytoplasm, where it forms punctate inclusions (Giordana et al. 2010) . Mislocalized TDP-43 is also toxic to neuronal cells in culture (Barmada et al. 2010) . Transgenic mice expressing human TDP-43 with a defective nuclear localization signal have been generated and compared with mice expressing WT-hTDP-43 to determine the effects of mislocalized cytoplasmic TDP-43 on neuronal viability (Igaz et al. 2011) . Expression of either hTDP-43-DNLS or WT-hTDP-43 led to neuron loss in selectively vulnerable forebrain regions, corticospinal tract degeneration, and motor spasticity that recapitulated many aspects of TDP-43-associated motor neuron disease in people. Importantly, only rare cytoplasmic phosphorylated and ubiquinated TDP-43 inclusions were seen in hTDP-43-DNLS mice, in contrast to humans, suggesting that cytoplasmic inclusions may not be required to induce neuronal death. Instead, neurodegeneration in h-TDP-43-and hTDP-43-DNLS-expressing neurons was accompanied by a dramatic down-regulating and increased expression/mislocalization to the cytoplasm of the endogenous mouse TDP-43. Moreover, mice expressing hTDP-43-DNLS showed profound changes in gene expression in cortical neurons, implying that mislocalization of endogenous nuclear THP-43 exerts at least some of its toxic effects through a loss of normal TDP-43 function(s). If this is indeed the case, then a novel proteostasis approach aimed at preserving the proper localization of this protein may represent a viable therapeutic strategy for at least some FALS and SALS cases. It may also be possible to identify and activate bypass pathways that restore at least some of the functions lost when TDP-43 is mislocalized.
The role of TDP-43 fragmentation and other posttranslational modifications in its trafficking and pathogenesis has yet to be established. In any case, although TDP-43 containing aggregates are detected in a majority of ALS cases, the results to date imply TDP-43 aggregation does not necessarily correlate with toxicity. Moreover, the emerging reports linking TDP-43 pathology to a spectrum of neurodegenerative disorders, including AD and FTLD (Chen-Plotkin et al. 2010) , are consistent with a general loss of regulation of this protein under conditions of stress and degeneration. Therefore, it may not be possible to treat TDP-43-dependent disorders by chaperone up-regulation or alteration of other conventional proteostasis pathways as for a-synuclein and SOD1.
FUS/TLS
Fused in sarcoma/translocated in liposarcoma (FUS/TLS or FUS) is an RNA binding, nuclear protein that was originally identified in the context of an oncoprotein comprising the amino terminus of FUS and the transcription factor CHOP (Crozat et al. 1993; Rabbitts et al. 1993) . In 2009, mutations at the carboxyl terminus of FUS were linked to FALS and shown to induce cellular FUS mislocalization from the nucleus to the cytoplasm Vance et al. 2009 ). This cytoplasmic mislocalization was later explained by studies demonstrating that many of the ALS-associated mutations disrupt a functional, albeit nonclassical, nuclear localization signal (NLS) (Fig. 5 ) (Dormann et al. 2010; Gal et al. 2010) . Subsequent reports have documented additional mutations within the carboxyl terminus and Glycine-rich domains of FUS in association with both FALS (Belzil et al. 2009; Blair et al. 2009; Chiò et al. 2009; Corrado et al. 2009; Damme et al. 2009; Ticozzi et al. 2009; Waibel et al. 2010; Yan et al. 2010 ) and SALS (Belzil et al. 2009; Corrado et al. 2009; DeJesusHernandez et al. 2010; Lai et al. 2010 ) across various populations. An association of FUS with other neurodegenerative disorders has been suggested by immunological costaining of FUS within the pathological aggregates of frontotemporal lobar degeneration (FTLD)-related (Munoz et al. 2009; Neumann et al. 2009; Lagier-Tourenne et al. 2010 ) and polyglutamine diseases (Doi et al. 2009; LagierTourenne et al. 2010) . Although TDP-43 pathology is also detected across different neurological disorders (Chen-Plotkin et al. 2010 ), FUS and TDP-43 pathology appear to be mutually exclusive in a majority of disease cases (Lagier-Tourenne et al. 2010) , and in yeast models of FUS and TDP-43 proteotoxicity (Ju et al. 2011; Sun et al. 2011) .
As in the case of TDP-43, FUS has been implicated in various RNA-and DNA-related processes including transcription, mRNA splicing, nucleocytoplasmic mRNA shuttling, and stress granule assembly (Lagier-Tourenne et al. 2010; Lemmons et al. 2010; van Blitterswijk and Landers 2010) . To date, there are no published ALS-FUS animal or mammalian cellbased models wherein exogenous ALS-linked FUS induces cellular toxicity in a manner that is mutant specific; at lower expression levels, neither mutant nor WT-FUS is toxic (Bosco et al. 2010b ) and yet in yeast models of FUS proteotoxicity (Ju et al. 2011; Sun et al. 2011) both WT and mutant-FUS are toxic (discussed below). These models are dissimilar to ALSlinked SOD1 models, where exogenous mutant-SOD1 is toxic even in the presence of endogenous WT-SOD1 and overexpression of WT-SOD1 is not overtly toxic (Bruijn et al. 2004) . Thus, although ALS-linked mutant SOD1 appears to cause ALS through a gain of toxic function mechanism (discussed above), it is not yet clear whether mislocalized mutant-FUS exerts a gain of toxic function within the cytoplasm, or whether a loss of normal nuclear FUS function contributes to ALS pathogenesis in mammalian cells.
Although a loss of FUS function induced by FALS-linked mutations has not been shown, the silencing of endogenous FUS expression has resulted in a loss of function phenotype in the context of different cellular processes. For example, hippocampal neurons from FUS-null mice show abnormal spine morphology (Fujii et al. 2005) , indicating a role for FUS in spine maintenance that may be relevant to processes such as synaptic plasticity. In addition, knocked-down expression of FUS in mouse macrophage cells revealed a loss of function with respect to transcriptional regulation of CCND1/cyclin D1. FUS was shown to bind the CCND1 promoter in response to DNA damaging signals, which in turn represses the expression of cyclin D1 and inhibits the cell cycle (Wang et al. 2008a) . Although an analogous role for FUS in CCND1/cyclin D1 regulation in neurons has not yet been shown, a potential misregulation of the cell cycle has been linked to neurodegenerative disorders (Klein and Ackerman 2003) , including ALS (Ranganathan and Bowser 2003) .
Studies in yeast models of FUS proteotoxicity (Ju et al. 2011; Sun et al. 2011) indicate that a gain of toxic FUS function may result from altered FUS expression levels and/or aberrant cellular localization. In contrast to mammalian cells (Bosco et al. 2010b; Dormann et al. 2010; Gal et al. 2010) , expression of WT-FUS is almost as toxic as FALS-linked FUS mutants in yeast. The toxicity of WT-FUS is due in part to the inefficiency of the human-FUS NLS in yeast, which leads to increased cytoplasmic expression levels of WT-FUS. Importantly, the toxicity of WT-FUS is ameliorated when FUS is redirected to the nucleus by an efficient yeast NLS, indicating that, at least in this model organism, mislocalization of FUS is sufficient for a gain of toxic function. In contrast, cytoplasmic FUS aggregates were not sufficient to induce toxicity. Therefore, the correlation of FUS toxicity and cytoplasmic mislocalization, but not necessary cytoplasmic aggregation, is reminiscent of the TDP-43 mouse models discussed above. FUStoxicity in yeast was also modulated by factors involved in RNA processing, including RNA quality control and the stress granule pathway (Ju et al. 2011; Sun et al. 2011) . In fact, FALS-linked mutant FUS proteins that mislocalize to the cytoplasm in mammalian cells were shown to incorporate into stress granules under conditions of cellular stress (e.g., oxidative stress, heat-shock, etc.) (Fig. 6) (Bosco et al. 2010b; Dormann et al. 2010; Gal et al. 2010) , and both WT-FUS and mutant-FUS incorporated into what may be stress granules in yeast (Ju et al. 2011; Sun et al. 2011) . Stress granules are stalled translational complexes that form during induced cellular stress, and function to regulate the expression of proteins that are required to overcome stress (Anderson et al. 2008) . That both FUS and TDP-43 (Columbrita et al. 2009; Liu-Yesucevitz et al. 2010; McDonald et al. 2011 ) are associated with stress granules has generated the hypothesis that altered stress response mediated by FUS and TDP-43 proteotoxicity may be linked to ALS pathogenesis. This hypothesis is further supported by the detection of stress granule markers in end-stage pathological aggregates in ALS and FTLD (Dormann et al. 2010; Liu-Yesucevitz et al. 2010) .
How is one to think about the various protein factors that have been implicated in sporadic and familial forms of ALS? In the end, our view of this disorder as a proteostasis disease, or one in which proteostasis-based approaches are useful therapeutically, will depend on whether commonalities among the different types of ALS can be established. Perhaps SOD1 misfolding via, e.g., oxidation can eventually be linked conclusively to all forms of sporadic ALS; then a proteostasis approach aimed at this protein might be of widespread therapeutic benefit. Or perhaps, as some researchers are now starting to speculate, ALS is not a single disease but a spectrum of disorders with many nonoverlapping causes. If that is the case, proteostasis-based therapies may need to be tailored to each specific form-a daunting challenge in the case of the sporadic, idiopathic disease. Or perhaps SOD1-dependent familial ALS is an outlier and most of the other familial 5 ) and a truncation mutation (R495X) that eliminates the NLS increase the cytoplamsic expression level of GFP-FUS according to the following trend R495X . R521G . WT (Bosco et al. 2010b) . DAPI (blue) is used to stain the nuclei. (B) On exposure to sodium arsenite, which induces oxidative stress, mutant-FUS proteins become incorporated into cytoplasmic foci called stress granules, which are detected with the stress granule marker anti-G3BP (red) (Bosco et al. 2010b) . The extent to which FUS incorporates into stress granules correlates with the cytoplamsic levels of the FUS protein (R495X . R521G . WT).
and sporadic forms of ALS have a common, RNA-based etiology. In that case, the SOD1 form of the disease may be the easiest type to treat via a proteostsis-based approach, but other forms of ALS may require approaches directed at RNA quality control pathways. Or it may be that all forms of ALS ultimately arise from derangement of some RNA quality-control pathway, in which case proteostasis-based strategies may need to include ways to control the subcellular location of proteins like TDP-43 and FUS/TLS that are not in any sense misfolded. Or, just maybe, the very notion of proteostasis should be expanded to include RNAstasis or ribonucleostasis, or whatever new term we still need to invent.
